Abstract MicroRNAs (miRs) are non-coding gene transcripts abundantly expressed in both the developing and adult mammalian brain. They act as important modulators of complex gene regulatory networks during neuronal development and plasticity. miR-181c is highly abundant in cerebellar cortex and its expression is increased in autism patients as well as in an animal model of autism. To systematically identify putative targets of miR-181c, we repressed this miR in growing cortical neurons and found over 70 differentially expressed target genes using transcriptome profiling. Pathway analysis showed that the miR181c-modulated genes converge on signaling cascades relevant to neurite and synapse developmental processes. To experimentally examine the significance of these data, we inhibited miR-181c during rat cortical neuronal maturation in vitro; this loss-of miR-181c function resulted in enhanced neurite sprouting and reduced synaptogenesis. Collectively, our findings suggest that miR-181c is a modulator of gene networks associated with cortical neuronal maturation.
Introduction
The development of neurons and the establishment of mature synaptic connectivity require an intricate orchestration of defined gene networks. Regulation of neuronal gene network expression is modulated at several levels by a number of different post-transcriptional mechanisms, such as the ubiquitin-proteasome system [1] , control of mRNA stability [2] , translation initiation [3] and elongation [4] , and by non-coding microRNAs (miRs) [5] . miRs coordinately regulate the expression of multiple genes coding for proteins, which often have converging cellular functions [6] [7] [8] . The function(s) of individual miRs in neurons are beginning to emerge, and multiple lines of evidence point to the widespread involvement of miRs in various fundamental neurodevelopmental processes (reviewed in [9] [10] [11] ). Consequently, disturbances in miR expression levels results in aberrant signaling pathways at different levels, leading to impaired intercellular connections and cellular functioning causing various neurodevelopmental disorders. In cell lines derived from autism spectrum disorder (ASD) patients, the levels of miR-181c have been found to be strongly elevated [12] . Moreover, we recently observed that the expression of miR-181c is altered in the amygdala of a valproate rat model of autism, and that miR-181c inhibition affects the growth of amygdala neurons [13] .
During retinoic acid (RA)-induced neuronal differentiation of progenitor cells, miR-181c is upregulated, suggesting dynamic changes in the expression of this miR that could be linked to specific neurodevelopmental stages [14] . Furthermore, miR expression profiling showed that miR181c is widely expressed in the central nervous system, including in cortical regions [15] . Here, we combined neuromorphological studies with whole-genome mRNA expression profiling and bioinformatic analysis to examine the impact of miR-181c repression on growing cortical neurons in vitro. We find a role for this small regulatory RNA in modulating neuronal outgrowth and synaptic formation by acting as a post-transcriptional regulator of genes involved in neuronal growth and maturation.
Materials and methods

Animals
Wistar rats (Harlan Laboratories) embryos were used as a resource for the isolation of primary cortical neurons. Animals were housed 2-3 per cage with ad libitum food and water access with a 12 h light cycle at controlled ambient temperature (21 ± 1°C). All experiments were performed according to protocols approved by the Committee for Animal Experiments of the Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands.
Cell culture
All media and reagents were purchased from Life Technologies. Primary cortical neurons were isolated from embryonic day 18 (E18) old rat embryos brains. Pregnant rats were anesthetized with isoflurane and killed by cervical dislocation. Cortical region was isolated from E18 brains and placed in ice-cold dissection buffer (HBSS without Ca 2? and Mg 2? , 100 U/mL penicillin, 100 lg/mL streptomycin, 19 Glutamax). Cortical tissue was washed two times with the dissection buffer before adding a 0.025 % trypsin in HBSS solution followed by incubation at 37°C for 15 min. After incubation, the tissue was washed 3 times with the HBSS washing buffer before adding Neurobasal (NB) medium, supplemented with 10 % FBS and 2 mmol/L GlutaMAX. The tissue was titrated several times with a glass Pasteur pipet, this treatment was repeated with a flame thinned tip glass Pasteur pipet to obtain fully dissociated cells. Separated cells were seeded in cell culture plates, which were overnight coated with 0.1 g/L, mol wt 70,000-150,000 poly-D-lysine (PDL) (Sigma Aldrich). For the first 5 h, the cells were cultured in medium containing NB medium with 10 % FBS and 2 mmol/L glutaMAX. Afterwards, the medium was replaced with culturing medium containing NB with the serum free neural supplement B27 and 2 mmol/L glutaMAX. For culturing pure axonal fractions, microfluidic chambers were prepared by firstly ethanol cleaning the chambers. After the chambers were completely dry, they were placed on PDL coated coverglasses (Hecht Assistent). The chambers were subsequently filled with 100 lL of NB medium containing 10 % FBS and 2 mmol/L GlutaMAX. This was done at least 1 day before seeding the cells so that any formed bubbles will be removed. In most cases a seeding density of 100,000 cells per chamber was used. All the neuronal cell preparations were maintained at 37°C and with 5 % CO 2 .
Sponge-miR-181c construct
The miR-181c-sponge vector was made by designing DNA oligonucleotides (Sigma Aldrich) as previously described [13, 56, 57] . In short, miR sponge sequences were designed to contain four complementary artificial miR binding sites of the rat miR-181c-3p sequence, each separated by four nucleotides. The miR-181c binding site contains bulged sites that are non-complementary to the miR-181c, to enhance sponge efficacy. Presynthesized DNA oligonucleotides were ligated 3 0 to the stop codon of the cDNA encoding eGFP. For cloning miR sponges into the lentiviral pFUGW (Addgene) constructs the restriction sites BsrGI and EcoRI were utilized.
Transfection and virus production
Transfection of cortical neurons was performed using the Screenfect A transfection agent (Genaxxon), following the protocol provided by the manufacturer. In brief, Screenfect A together with either the anti-miR-181c, miR-181c mimic or non-targeting (NT) control were diluted in the provided buffer to achieve a final concentration of 30 nM, respectively. To enable to visualize the transfection efficiency, 20 nM of siGlo red transfection indicator (Dharmacon) was added to the transfection mixture. After 20 min of incubation, the mix was applied to the adherent primary neurons and left to incubate at 37°C for no longer than 24 h. For lentivirus production, HEK-293T cells were transfected using the CaCl 2 method. The viral particles were produced and purified as previously described [58] . The purified viral pellets were resuspended in 100 lL calcium and magnesium free HBSS. For infecting primary neurons, ±0.5 lL/cm 2 of concentrated virus was added to the cultures. If a lower infection rate was needed the virus was diluted 10-20 times before addition to the primary neuronal cultures.
RNA isolation, cDNA synthesis and qPCR Total RNA was isolated from primary cortical neurons using the miRNeasy kit (Qiagen) according to the manufacturer's protocol. RNA purity was determined using the Nanodrop ND1000 (Thermo Scientific) UV-spectrophotometer. The 260/280 nm ratios were measured and samples with ratios of 2.0 ± 0.05 were considered pure. This was followed by RNA integrity assessment with a 1 % agarose gel imaged with the Gel doc XR system (Bio-Rad). Samples showing clearly visible S28 and S18 ribosomal RNA bands were considered to be intact. cDNA was synthesized from isolated RNA according to the protocol provided with the miScript reverse transcription kit (Qiagen) to reverse transcribe both small RNA and mRNA. Quantitative Real-time PCR (QRT-PCR) detection of mRNA transcripts was performed using the miScript SYBR green PCR kit (Qiagen) for the detection of mature miRs and mRNA according to the manufacturer's manual. The following gene-specific qPCR primers were used (in 5 0 to 3 0 direction): b-actin forward, CCAGATCATGTT TGAGACCTTC; b-actin reverse, AGGATCTTCATG-AG GTAGTCTG; U6 forward, GCTTCGGCAGCACATATA; U6 reverse, CGCTTCACGAATTTGCGT; mature rnomiR-181c, AACATTCAACCTGTC-GGTGAGT. The data was normalized to housekeeping genes (b-actin and U6) using the GeNorm software [59] .
RNA sequencing
RNA isolated from primary cortical neurons (at 21 DIV) infected either with control or sponge-miR-181c lentiviruses at 8 DIV. RNA quality was assessed using Tapestation analysis, which revealed RNA quality above RIN 8.0 for all samples. RNA samples from the same condition were processed by the HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA). The RNA sequencing was performed in three separate flowcells generating a total of 45-50 million 50 bp reads per sample. RNA sequencing data analysis was carried out with the GeneSifter gene expression analysis suite (Geospiza). Expression data was normalized against the number of mapped reads, and the RPKM threshold was set at 1. Significance was calculated using the Benjamini and Hochberg multiple testing correction and the level of significance was set to 0.05.
miR target prediction
The miRWalk prediction database was used to identify predicted targets of the miRs we found significantly dysregulated due to prenatal VPA exposure. miRWalk combines the prediction data of several databases from which we included TargetScan, miRanda, miRDB and miRWalk prediction lists taking into account a minimal seed length of 7 base pairs and a p value cut-off of 0.05 [60] .
Functional classification of miR targets
To detect significantly enriched gene categories in the predicted miR target genes/mRNAs, we used the IPA software package (http://www.ingenuity.com). This software package uses the Ingenuity Knowledge Base, which is based on information from the published literature as well as many other sources, including gene expression and gene annotation databases, to assign genes to different groups and categories of functionally related genes. Each of these categories can be further divided into many subcategories. Ingenuity calculates single p values for the enrichment of each gene category using the right-tailed Fisher's exact test, and by taking into consideration both the total number of molecules from the analyzed data set and the total number of molecules that is linked to the same gene category according to the Ingenuity Knowledge Base. Furthermore, for each gene category, a multiple testing corrected p value of enrichment, calculated using the Benjamini-Hochberg correction, is provided.
Immunohistochemistry
Cultured neurons were fixed in warm (37°C) 4 % paraformaldehyde and 16 % sucrose in PBS for 30 min. After washing with PBS (3 9 5 min at RT) cells were incubated for 15 min at RT with 50 mM NH 4 Cl to quench residual aldehydes. Cells were washed (3 9 5 min at RT), permeabilized with 0.1 % Trixon X-100 for 5 min at RT, incubated with 2 % bovine serum albumin (BSA, ICN Biomedicals Inc) in PBS for 30 min at RT to block nonspecific staining, and were incubated with the primary antibodies in 1 % BSA in PBS. Incubation in primary antibodies was done overnight at 4°C. Subsequently, cells were washed in 2 % BSA in PBS (3 9 5 min) and incubated in species-specific, Alexa-conjugated secondary antibodies in 1 % BSA in PBS for 30-60 min at RT, washed in 2 % BSA in PBS (3 9 5 min), and washed (3 9 5 min) in PBS containing fluorescent DAPI (Sigma, 1:3000). The coverslips were mounted in Prolong Gold (Invitrogen). Primary antibodies included chicken anti-GFP (A10262, Life Technologies, 1:500), rabbit anti-MAP2 (ab32454, Abcam, 1:1000), mouse anti-Tau1 (MAB3420, Millipore, 1:1000). Secondary antibodies included goat anti-rabbit 488 (Life Technologies, 1:500), goat anti-chicken 488 (Life Technologies, 1:500), goat anti-mouse 568 (Life Technologies, 1:500). For visualizing and measuring the axons in the microfluidic chambers, a similar protocol was used. After permeabilizing the neurons with 0.1 % Trixon X-100 and washing with PBS the cells were incubated with 100 nM Acti-stain 488 phalloidin (Cytoskeleton) in PBS for 30 min. After washing the cells were mounted and imaged.
Image analysis
Images of neurons were captured using a Leica TCS SP2 AOBS Confocal Laser Scanning Microscope (CLSM) with 209 magnification for neurite tracing or at 639 magnification for dendritic spine imaging. For outgrowth analysis, the ImageJ plugin NeuronJ was used with which neurons were traced [61] . Neurites were assigned with the correct branch order where neurites originating from the soma were labeled as primary or first branch order and increasing in order values after each successive branch point. Sholl analysis was performed with the concentric circle ImageJ plugin to draw an overlay of circles (20 lm distance step size) onto the images of neurons, followed by manual quantification of the number of intersecting neurites with each ring. Neuronstudio software was used to quantify spine density by determining the amount of spines per micrometer of dendrite followed by spine classification. Spine maturity was automatically assigned based on the length of the spine and the quantified diameter of the spine neck and head, with thin filopodia like spines indicated as immature and mushroom like spines indicated as mature [62] .
Results
Inhibition of miR-181c alters the expression of transcripts involved in nervous system development Due to their relatively small seed regions, miRs have the potential to regulate hundreds of downstream targets, and consequently, control key cellular processes [16] . To investigate which cellular pathways are controlled by miR181c we used RNA sequencing to examine genome-wide gene expression changes upon inhibition of miR-181c function in primary cortical neurons. To suppress miR-181c, we generated and functionally characterized a competitive 'miR sponge' to allow for long-term sequestering of miR181c in cortical neurons. This lentiviral based construct contains a concatemer of four partially complementary miR181c binding sites within the 3 0 untranslated region (UTR) of a GFP fluorophore (Supplementary Fig. 1A ). To test whether the introduction of the miR-181c sponge into cells leads to a decrease in mature miR-181c levels, RNA was isolated from days in vitro (DIV) 9 cortical neurons infected at DIV 1 with the miR-181c sponge or a GFP control ( Supplementary  Fig. 1B ). qPCR analysis revealed that cells expressing the miR-181c sponge exhibited a significant decrease in miR181c expression levels (mean 1.0 ± 0.0994 control versus 0.3433 ± 0.01252 miR-181c sponge relative miR-181c expression; p = 0.0028) (Supplementary Fig. 1C ).
Total RNA was isolated from DIV 21 cortical neurons infected with lentiviral particles encoding the miR-181c sponge or a GFP control, and subjected to RNA deep sequencing [13] . miR-181c inhibition in cortical neurons resulted in significant expression changes of 1596 transcripts, with 880 transcripts decreased and 716 transcripts increased in their expression. A 1.2 fold-change cut-off was applied to remove marginally altered genes. This investigation resulted in the identification of 856 significantly differentially expressed genes, with 592 transcripts decreased and 264 transcripts increased in their expression (Fig. 1a) (Supplementary Table 1 ). Further analysis using the miRWalk binding site prediction algorithm on these 856 genes showed that 70 transcripts (8.2 %) contained one or more putative miR-181c binding sites within the 3 0 UTR of these transcripts (Fig. 1b) . Of these 70 genes, 16 were increased, while 54 genes were decreased in their expression. Since miR-181c was previously associated with ASD, we cross-compared the miR-181c regulated transcriptome with the set of genes that were found to be dysregulated in cortical material from ASD patients to examine the potential impact this miR may have in modulating genes previously linked with ASD [17] [18] [19] . Furthermore, an unbiased comparison suggested that 51 genes within the transcriptomes from postmortem cortical tissue of ASD patients were among the genes altered in their expression by miR-181c suppression. Among these 51 genes, 13 transcripts contained a binding site for miR-181c in their 3 0 UTR (Fig. 1b) . 
To identify miR-181c regulated gene clusters involved in common gene networks, we performed an Ingenuity pathway analysis (IPA) gene ontology clustering on the 70 genes containing a miR-181c binding site. This study revealed that within the biological function category ''molecular and cellular functions'' the top five enriched themes are cell-to-cell signaling and interaction, amino acid metabolism, cell death and survival, cellular assembly and organization, and cellular compromise (Fig. 1c) . The theme cell-to-cell signaling mainly contains genes involved in functions such as activation of neuronal cells, synaptic transmission, and cell adhesion of neuronal cells. Examples of genes from this group include Apln, Ptger3, Syn2, Cast and Fbxo2. The biological function ''physiological system development and function'', nervous system development and function was the theme with the largest number of genes (Fig. 1d) . Prominent sub-themes of this category are abnormal morphology of neuronal cells, activation of neurons, and development of cortical or dopaminergic neurons. Genes within these sub-themes are Cast, Cav1, Cyr61, Fgfr3, Lrp4, Pdgfra, Rhoq and Syn2. Furthermore, using the IPA software to examine the molecular relationship among genes, we identified a number of associated networks (Fig. 1e) , with a score of 18, meaning it has a 1E-18 chance that the input genes are found together by random chance, containing genes associated with the functions behavior, cell-to-cell signaling and interaction, and nervous system development (Figs. 1e, 2 ). This network consists of 35 genes of which 11 showed an increase and one a decrease in their expression upon inhibition of miR-181c function ( Fig. 2; Table 1 ). Within the network, Huntington (Htt) connects with 16 genes, and appears to act as a central regulatory hub. Other central genes within the network, with nine or more connections, are Dlg4, Fig. 2 MiR-181c control of gene networks. Highest scoring network identified by IPA with genes involved in behavior, cell-to-cell signaling and interaction, nervous system development and function. Highlighted within the diagram are transcripts that are increased (red) or decreased (green) in their expression by miR-181c inhibition Cav1 and Hif1a. Dlg4 and Cav1 interact primarily with ion channel subunits or genes involved in synaptic vesicle trafficking while the transcription factor Hif1a activates a set of neuronal development genes (Fig. 2) . Together, these results suggest that miR-181c inhibition in cortical neurons leads to significant changes in transcripts involved in nervous system development and function.
MiR-181c controls the growth of neurites and dendritic spines in developing cortical neurons
Our transcriptome analysis suggests that miR-181c controls the activity of gene networks strongly associated with neuronal development, supporting previous findings that have implicated aberrant miR-181c expression with the etiology of neurodevelopmental disorders such as ASD [12, 13] . This led us to evaluate whether miR-181c has the capacity to modulate basic neural maturation processes in cultured cortical neurons. Utilizing miR-181c-sponge to knock-down endogenous miR-181c levels, primary rat cortical neurons were infected 1 day after seeding and analyzed at DIV 9 for differences in neurite growth as compared to GFP control infected neurons (Fig. 3a) . miR181c inhibition did not result in changes in total dendritic length (mean 1.05 ± 0.084 control versus 0.95 ± 0.09 miR-181c sponge length in percentage; p = 0.44) (Fig. 3b) , whereas it did enhance dendritic branching compared to control infected neurons (mean 1.0 ± 0.118 control versus 1.79 ± 0.206 miR-181c sponge length in percentage; p = 0.0045) (Fig. 3c) . Further analysis of the position of the branch points showed that enhanced branching was mainly due to an increase in the number of higher order branches (Fig. 3d) . Moreover, Sholl analysis showed the expression of the miR-181c sponge enhanced neurite arborisation revealed by a significantly exacerbated increase in the number of intersecting dendrites at 300 lm distance from the soma compared to control infected cells (Fig. 3e) .
To determine whether miR-181c also affects the process of synapse formation, we measured the effects of selective miR-181c repression on the number and shape of dendritic spines. Accordingly, neurons were infected at DIV 9 with viruses driving the expression of either GFP control or sponge-miR-181c. GFP-positive neurons were studied when they reached maturity at 21 DIV. Analysis of the obtained images revealed that the spine density of spongemiR-181c infected cells was decreased as compared to control virus infected neurons (mean 1.0 ± 0.04973 control versus 0.69 ± 0.04370 miR-181c sponge relative spine density; p B 0.0001) (Fig. 4a, b) . Measurements of spine width revealed that inhibiting miR-181c function results in a significant reduction in the size of both mature and immature synapses (mean 0.2562 ± 0.0091 control versus 0.2236 ± 0.0093 miR-181c mature spine diameter in lm; p = 0.0147 and mean 0.1335 ± 0.0128 control versus 0.06398 ± 0.0094 miR-181c immature spine diameter in lm; p B 0.0001) (Fig. 4c) .
Previously, it was shown that miRs can be transported to distal parts of the axon and are important for axon development and function [20] [21] [22] [23] [24] . To investigate whether miR181c has the capacity to regulate the growth of axons from young cortical neurons we made use of microfluidic chambers, which allowed us to selectively study axons in compartmentalized isolation from the soma and dendrites ( Supplementary Fig. 2A, B) [25] . For modulating miR181c in this setup we made use of miR-181c mimics and locked nucleic acid (LNA) anti-miRs to examine how changes in miR-181c levels result in altered axonal outgrowth. We opted for the use of small RNA molecules since they have the capacity to rapidly modulate miR levels (as opposed to the miR sponges which act slowly), and because LNAs are readily transfected into primary neurons grown in compartmentalized culture systems (Supplementary Fig. 1D ). qPCR analysis revealed that transfection of neurons with the miR-181c mimic lead to a significant increase of mature miR-181c (66 % increase; p = 0.0028) (Supplementary Fig. 1E ). Conversely, transfection with an anti-miR-181c resulted in a significant decrease of miR181c compared to control transfected neurons ( Supplementary Fig. 1F ). For the axon outgrowth experiments these synthetic RNAs were transfected into DIV 3 cortical neurons grown in microfluidic chambers and subsequently analyzed at DIV 6 (Fig. 5a, b) . Compared to a non-targeting (NT) control, miR-181c overexpressing neurons exhibited an attenuated axon growth (mean 20 % decrease; p B 0.0001) (Fig. 5d) , whereas inhibiting miR181c modestly but significantly increased axon outgrowth (mean 9 % increase; p = 0.0054) (Fig. 5e) . These findings suggest that modulation of miR-181c expression levels in cortical neurons results in altered axonal growth.
Given that miR-181c is overexpressed in some ASD cells, we performed a miR-181c gain-of-function assay by transfecting DIV 3 cortical neurons with a miR-181c mimic. Three days after transfection, neurons overexpressing this miR exhibited only a minimal change in dendrite length, branching and complexity compared to cells transfected with NT control oligonucleotides (Fig. 6a-d) . This finding suggests that miR-181c overexpression does not significantly alter dendrite formation during this growth period. Moreover, to examine the impact of miR-181c overexpression in dendritic spine maturation, we investigated spine formation in DIV16 primary cortical neurons transfected with miR-181c mimic at DIV3. Since most neurons exhibited a necrotic phenotype during the time when spine maturation occurs, we concluded that miR-181c overexpression in cortical neurons within an extended period of time results in cell death (Supplementary Fig. 3 ).
Discussion
Subtle changes in neurite outgrowth, synaptic development and function, and neural network formation underlie the etiology of neurodevelopmental disorders and cognitive dysfunction [26] [27] [28] [29] [30] . Here, we provide accumulating evidence for a critical role for miR-181c in neurite growth and synaptic development. Using transcriptome profiling, we show that inhibition of miR-181c during development of cortical cells altered the expression of a large set of transcripts. Gene network analysis points towards a significant enrichment of genes involved in neural development and synaptic function. Subsequent neuromorphological analysis of cells, in which miR-181c was knocked-down, revealed a significant increase in dendritic branching and decreased dendritic spine size. Furthermore, cortical cells lacking miR-181c displayed longer axons, while increasing miR181c expression results in shorter axons. Conversely, shortterm overexpression of miR-181c in young cortical neurons had negligible impact on dendritic outgrowth and branching. A possibility for a lack of a clear dendrite outgrowth phenotype during overexpression could be that endogenous abundance of miR-181c impeded any additional gain-of-function by the introduction of exogenous miR-181c. Moreover, the transient miR-181c overexpression was conducted between DIV 3 and DIV 6, a time period in which this miR may not have critical importance for neuronal outgrowth and branching. Overexpression of miR-181c for an extended period of time resulted in premature cell death of cortical neurons as illustrated by condensed nuclei and diminished PSD-95 staining. This observation suggests that long-term overexpression of miR-181c resulted in either apoptosis or necrosis in these cells. Examining the extant literature we encountered recent studies that implicated miR-181 family members in the induction of apoptosis. Multiple members of the Bcl-2 family were found to be regulated by miR-181 family members (including miR-181c) and specific overexpression of miR-181a increased apoptosis in primary astrocyte cultures [31] . Moreover, miR-181 was shown to regulate members of the heat shock protein family resulting in aggravated cell injury during cellular stress, while increasing the expression of miR-181a-b exacerbated cerebral ischemia [32] . However, of important note, we did not see increased cell death compared to control when we transfected neurons with the miR-181c mimic for 3 days.
Collectively, the results of our study suggest that miR181c has the capacity to regulate the expression of hundreds of downstream transcripts, indicating a vast regulatory potential for this miR during neuronal development [16] . Following long-term inhibition of miR-181c function in cortical neurons, whole transcriptome analysis resulted in the identification of 856 genes significantly altered in their expression by 1.2-fold or more. More than half of the genes were decreased in their expression. Surprisingly, most of the significantly altered genes lack putative miR-181c regulation sites, suggesting that a large number of these genes are possibly regulated by miR-181c in a non-canonical manner. It has recently become evident that miRs can indeed control gene expression in an indirect manner [33, 34] . Thus, within our identified gene set miR-181c may control a number of genes in this mode of action. Furthermore, miR-181c could indirectly induce expression changes of transcripts that are downstream of direct targets. It is therefore important to study miR regulation using high-throughput experimental setups together with prediction algorithms to chart global gene network changes.
IPA gene ontology clustering analysis of the genes significantly induced by the introduction of the miR-181c sponge in cortical neurons resulted in the identification of gene clusters involved in neuronal development. In particular, eight genes significantly altered by the miR-181c sponge play important roles in the development of neurons, namely Cast, Cav1, Cyr61, Fgfr3, Lrp4, Pdgfra, Rhoq and Syn2 [35] [36] [37] [38] [39] [40] . Furthermore, an enrichment of genes involved in the activation of neurons and regulation of synaptic transmission were found, namely Apln, Ptger3, Syn2, Cast and Fbxo2 [41] [42] [43] . Together, these results suggest that miR-181c controls, through direct or indirect interactions, several gene clusters, which modulate neuronal developmental processes and synaptic function.
Due to the high degree of sequence identity between the various miR-181 family members (miR-181a-d) it is possible that the sponge used in this study reduced the expression of other miR-181 family members besides miR181c. Indeed, introduction of a miR-181a LNA inhibitor into neuronal cell cultures has led to decreased expression of all family members [44] . Unfortunately, the currently available tools do not allow a more specific manipulation of the expression of highly conserved miR family members, such as the miR-181 family members. The extent of the sequence identity among the miR-181 family members further suggests that the members regulate similar gene networks. This is exemplified by the finding that when we compare predicted targets for the various miR-181 family members we find extensive overlap between the putative targets. This could be indicative that the miR-181 family could cooperatively control similar targets. miR-181 family members sharing the same seed sequence have actually been found to be dysregulated in neurodevelopmental disorders or control neurodevelopmental processes. For example, miR-181a, miR-181a* and miR-181b were significantly elevated in ASD patients, similar to miR-181c. Furthermore, two independent studies have shown increased levels of miR-181b in gray matter of the dorsolateral prefrontal cortex and temporal cortex of schizophrenia patients [45, 46] . Finally, miR-181a acts as a negative regulator of AMPA-R surface expression by direct targeting of GluA2, resulting in reduced spine development and miniature excitatory postsynaptic current (mEPSC) frequency in hippocampal neurons [44] . Thus, the miR-181 family controls overlapping downstream target genes, and potentially modulate the expression of similar cellular pathways. Multiple miRs from a single family sharing sequence similarities can indeed cooperatively control cellular processes [47, 48] . For example, miR-135a/b control chronic stress resilience through regulation of overlapping genes within the serotonergic system [49] , while miR-48, mir-84, and mir-241 family members with sequence similarity to let-7 cooperatively control critical developmental timing events in Caenorhabditis elegans [50] .
Our data indicate that miR-181c inhibition dysregulates the levels of a number of neurodevelopmentally relevant genes, implying that disruption of miR-181c activity during cortical neuron development may result in altered neuronal morphologies. We showed that miR-181c inhibition leads to increased dendritic branching while increasing axon length and the number and size dendritic spines were decreased. In a recent study, we showed that increased levels of miR-30d and miR-181c were found in the amygdala of a VPA-induced rat model for autism [13] . Additional studies showed that inhibition of miR-181c in neurons isolated from the amygdala resulted in a decrease in neurite growth and branching and fewer dendritic spines. The observed differences in the effects of miR-181c on neurite growth could be attributed to spatiotemporally divergent gene expression in amygdala cells compared to cortical cells. Alternatively, the primary cell cultures used in those studies contain a variety of cell types, thus the cellular composition of amygdala cultures could differ from those isolated from the cortex. This underlines the importance for investigating miR regulation in a multitude of genetic and cellular contexts.
Previously, the involvement of the non-coding transcriptome, including miRs, has been studied in the context of neurodevelopmental disorders such as ASD, schizophrenia and intellectual disability disorders (ID) [12, [51] [52] [53] [54] [55] . Expression profiling of cell lines derived from ASD patients has revealed 12 differentially expressed miRs with miR-181c being the second most significantly elevated miR [12] . This suggests the possibility that altered miR expression could underlie some of the expression changes found in ASD. Indeed, when we compared transcriptome changes identified in the cortex of ASD patients we found a considerable overlap with the miR-181c transcriptome changes. This opens up the possibility that miR181c and its family members are partially responsible for the mRNA expression changes in ASD patients, which may be contributing to disease susceptibility and/or progression.
